Travel time distributions of water or tracers in conduit-type karst aquifers can be found from linear systems analysis of either tracer test data or naturally occurring fluctuations in springflow chemistry. I use the chemical fluctuations at Maramec Spring, Missouri described in paper 1 (Dreiss, this issue) and results from a previous tracer test to derive a set of kernal functions that represent regional scale transport in the karst conduit network. A single kernel is sufficient to simulate the storm-derived component of Maramec springflow, suggesting that rapid transport in the conduit network is wellapproximated by temporal stationarity. Time moment analysis of the kernels leads to several conclusions. The kernel for the tracer test exhibits a larger mean residence time and much smaller variance than the kernels derived from nonpoint source recharge. Thus the tracer travel distance appears to be longer than the mean travel distance of rapid recharge and much of the variance of nonpoint source kernels apparently results from the distribution of flow path lengths to the spring. By assuming an effective transport model and comparing the moments of the empirical tracer test kernel to the moments of the impulse response of the model, I compute an effective velocity between the tracer input point and Marame½ Spring of 1.3 km/day and an effective dispersivity of 0.29 km. Because the time moments of the kernels and the effective transport parameters can be computed from readily measured springflow properties, they may prove to be a convenient means for studying and comparing regional scale transport in karst aquifers. 
INTRODUCTION
In many karst aquifers, sparsely distributed solution features control rates and directions of a large portion of the regional groundwater flow. Water quickly infiltrates after storm events and some of the infiltration moves rapidly through a network of solution conduits to spring outlets. In the first paper [Dreiss, this issue], I estimated amounts of recent, storm-derived water in the discharge of a spring in southeastern Missouri. Using measured chemical perturbations in the spring flow, I found that rapidly transmitted water comprised approximately 25% of the total spring discharge. Relatively dilute water began to arrive at the spring within 1 day after each large storm event. The dilute component reached a maximum during the recession of the springflow hydrograph, about 2-5 days after the events.
This type of discrete conduit flow cannot be described with continuum models for flow through porous media because the representative elementary volume for the conduit network is undefined and likely to be very large. Similarly, models of flow in individual conduits are not feasible because the location and geometry of the conduits are unknown. Here, I present an application of linear systems and time moment analysis to the spring discharge and cation concentration measurements from southeastern Missouri. The systems approach is well-suited to studies of karst aquifers because it describes regional scale transport in terms of the distribution of travel or residence times without requiring detailed knowledge of the internal structure of the aquifer. In this paper, I treat the observed chemical fluctuations at Maramec Spring as naturally occurring, regional tracer events that represent the response of the karst aquifer to a series of nonpoint source inputs. Examples of kernel function identification are presented using five sets of data: a long-term, 12-Copyright 1989 by the American Geophysical Union.
Paper number 88WR03221. 0043-1397/89/88WR-03321 $05.00 month sequence, three short-term subsets of the record, and a tracer test previously performed at the spring. I then compare time moments of the kernels and discuss them in the context of two alternative approaches for describing karst aquifers: (1) the conceptual classification sheme of diffuse and conduit-type aquifers and (2) a dual-porosity, convective-dispersive transport model.
BACKGROUND
Linear systems analysis has been used for many years in hydrology to describe rainfall-runoff relationships and in chemical engineering to interpret reactor performance [e.g., Doo•7e, 1973; Himmelblau and Bischoff, 1968] . Recently, several studies have proposed the use of linear transfer functions to describe regional scale solute transport in fractured aquifers and highly heterogeneous soils [Duffy and Harrison, 1987; Jury et al., 1986; Rinaldo and Gambolati, 1987] . The problems encountered in modeling these processes are similar to those in karst hydrology.
Linear systems analysis was first applied to karst aquifers by Knisel [1972] and Dreiss [1982 Dreiss [ , 1983 in studies that considered excess precipitation as an input time series and spring discharge as an output series. The identified kernel functions in these studies were analogous to instantaneous unit hydrographs for surface runoff.
Recently, Duffy and Gelhat [1986] applied spectral analysis to tritium concentration histories to identify a kernel function and phase spectra for transport to a spring in a karst region of the Swiss Alps. They then compared the frequency distribution of the empirical transfer function to that of a onedimensional, convective-dispersive model to obtain estimates of the primary karst reservoir volume and the dispersivity of the system. The investigation used biweekly tritium measurements in a region with significant snowmelt contributions. The accuracy of the study results may have been effected by the long sampling interval [see Dreiss, this issue] and the difficulty of estimating the input series because of snowpack storage of tritium. Nevertheless, the approach is similar to the one presented here. The major differences are that Duffy and Gelhar [1986] use frequency domain analysis of biweekly isotope data and an effective dispersion model, and this study utilizes discrete deconvolution of daily cation concentrations and time moment analysis of the resulting kernel.
LINEAR SYSTEMS ANALYSIS
If assumptions of linearity and time invariance are made, the observed fluctuations in the chemical composition of spring flow can be analyzed by treating the karst conduit system as a linear filter which transforms a series of input stimuli into output responses (Figure 1) . In this case, the input values are rapid infiltration rates into the conduit network. Outputs are flowrates of storm-derived, relatively dilute water arriving at the spring outlet.
For a linear, time-invariant system, a single empirical transfer function or kernel function, which reproduces the observed behavior of the physical system, can be identified from known or measured input and output time series. In tracer tests, where the input and output series are the mass rate of solute entering and leaving the system, respectively, the kernel function represents both the residence time distribution of the solute in the system, and the probability distribution of solute travel times.
Kernel Function Identification
The behavior of a linear, time-invariant system is described by the convolution integral
y(t) = ;• h(t-hx(h doe (•)
where y(t) is the continuous system response, x(t') is the input series, and h(t--t where M is the memory length of the system. Equations (2) through (4) are solved using a constrained least squares procedure similar to that described by Kanasewich [1975] . When the total volumes of the input and output series are equal, the area under the kernel is unity 
Time Moment Analysis
The method of moments is widely used in time series analyses [e.g., Priestly, 1981 ] and has recently been applied in studies of transport through porous media [e.g., Valocchi, 1985; Goltz, 1986] . The basic premise of time moment analysis is that the shape of a downstream response of a system observed at point x may be described by a set of moments To investigate the temporal stationary of hn, we identified kernels for three subsets of the data record. The sequences are each preceeded by 40 days or more with little or no excess precipitation and extend more than 40 days after the last major input event. In each example, the storm-derived spring flow was computed with the Cola* in (14) and is a portion of the Yi* series in Figure 3 . Figure 4 compares the derived kernels for the short-term sequences and the kernel for the long-term sequence in Figure  3b The similarity between the moments of the kernels for the February/March, the October, and the corrected full-length records is striking (Table 1) ; the oerange between 11.1 and 11.8 days, Cv between 0.68 and 0.77, and 3' between 0.83 and 1.14. This consistency suggests that a single linear kernel adequately describes transport through the system when the inputs are nonpoint source precipitation events.
Tracer Test
The kernels in 
Diffhse and Conduit Aquifer Classification
Shuster and White [1971] proposed a method for qualitatively classifying karst aquifers as either "diffuse" or "conduit" type aquifers depending on several properties of the aquifers and springs. In diffuse flow aquifers, springs are usually small and controlled by stratigraphic and structural features. Spring chemistry does not vary seasonally or after storm events. In conduit aquifers, the specific conductivity of springflow is highly variable, seasonally and after large storm events. 6. The principal advantage of the time moment approach is that it describes regional scale transport through a karst aquifer under natural conditions using readily measured spring flow properties. This approach should prove to be an informative method for studying and comparing transport in karst aquifers.
